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Introduction
The mammalian RUNX3/AML2 gene, which resides on human and mouse chromosomes 1p36.1 and 4, respectively (Levanon et al., 1994; Avraham et al., 1995; Bae et al., 1995; Calabi et al., 1995) , belongs to the RUNX family of transcription factors. The two other mammalian family members, RUNX1 and RUNX2, play fundamental roles in hematopoietic and osteogenic lineage-speci®c gene expression (Karsenty, 2000; Tracey and Speck, 2000) , and when mutated are associated with human diseases (Komori and Kishimoto, 1998; Speck et al., 1999) . RUNX3 is highly expressed in the adult hematopoietic system (Levanon et al., 1994 Meyers et al., 1996; Shi and Stavnezer, 1998; Le et al., 1999; Bangsow et al., 2001) , but its biological function is largely unknown.
Members of the RUNX family share homology in a 128 amino acid region, designated runt domain (RD), ®rst identi®ed in the Drosophila pair-rule gene runt. The RD directs binding of RUNX proteins to DNA and mediates their interaction with the partner protein CBFb (Ito and Bae, 1997) . The three RUNX gene products have the ability to bind to the same DNA motif and to interact with common transcriptional modulators (Bruhn et al., 1997; Ito and Bae, 1997; Levanon et al., 1998; Ito, 1999) . Nevertheless, they mediate distinct biological functions. These functions are orchestrated through transcriptional coupled translational control. For example, expression of Runx1 and Runx3 is regulated by two alternative promoters that exhibit distinct biological properties Pozner et al., 2000; Bangsow et al., 2001 ). Runx1 expression is also regulated through IRESmediated translation control (Pozner et al., 2000) .
This ®ne-tuned regulation leads to a unique spatio/ temporal expression pattern during development (Simeone et al., 1995; Komori et al., 1997; Otto et al., 1997; North et al., 1999; Levanon et al., 2001a) . Sequence analysis of human and mouse genes revealed that RUNX3/Runx3 is the smallest of the three RUNX genes and is, most likely, the evolutionary founder of the mammalian RUNX family (Bangsow et al., 2001) .
We have previously shown that during mouse embryogenesis, Runx3 is expressed in hematopoietic organs, epidermal appendages and developing bones, as well as in sensory ganglia (Levanon et al., 2001a) . Expression is ®rst detected at embryonic day (E) 10.5 in both cranial and dorsal root ganglia (DRGs) (Levanon et al., 2001a) . These ®ndings raised the possibility that Runx3 plays a role in DRG neurogenesis.
We report here that mice functionally de®cient for Runx3 exhibit marked ataxia, characterized by uncoordinated gait and abnormal positioning of the legs at rest. We show that Runx3 is speci®cally expressed in tyrosine kinase receptor C (TrkC) sensory neurons, whose death in the DRGs of homozygous knockout (KO) mice leads to disruption of the monosynaptic stretch re¯ex neuronal circuit.
The data provide new genetic information about the neurogenesis of DRGs and shed light on the largely The Runx3 transcription factor regulates development and survival of TrkC dorsal root ganglia neurons The EMBO Journal Vol. 21 No. 13 pp. 3454±3463, 2002 unknown molecular mechanisms underlying somatosensory-related ataxia in humans (Hutt and Horak, 1996) .
Results
Homozygous Runx3 KO mice exhibit severe limb ataxia Using the human RUNX3 cDNA probes, we cloned and sequenced the mouse Runx3 cDNA, as well as the relevant mouse genomic regions (Levanon et al., 1999 ; DDBJ/ EMBL/GenBank accession No. AF155880). Runx3 was disrupted, as shown in Figure 1A , by inserting a LacZ-Neo cassette into the RD (exon 2), at a SacI site corresponding to nucleotide 3237 of the mouse gene (Negreanu et al., 1999 ; DDBJ/EMBL/GenBank accession No. AF169246). Several chimeric males were generated and used to pass on the Runx3 mutation through the germ line. F 1 heterozygotes were intercrossed, and all three genotypes were detected in F 2 litters ( Figure 1B) . Transmission of the mutant allele roughly followed a Mendelian inheritance pattern, indicating that mice homozygous for the Runx3 mutant allele are viable. Mating F 1 heterozygotes with 129/Sv, ICR or MF1 mice generated Runx3-mutant mice, with inbred or mixed backgrounds. In mice that are homozygous for the Runx3 mutant allele (Runx3 KO), no native Runx3 mRNA or protein was detected in either DRGs or the thymus ( Figure 1C and D) .
Although heterozygous Runx3 mutant mice appeared phenotypically normal, the KO mice were smaller than their wild-type (WT) and heterozygous littermates ( Figure 1E ). In particular, Runx3 KO mice exhibited severe limb ataxia, characterized by uncoordinated gait and abnormal positioning of the legs at rest. Frequent extensor rigidity was observed in all four limbs and led to profound lordosis ( Figure 1E ; see Supplementary video clip VC available at The EMBO Journal Online). During the ®rst 2 weeks of life, KO mice exhibit a high rate of mortality, particularly the 129/Sv inbred mice. The outbred KO mice were signi®cantly more viable than the inbred mice and lived longer (at least several months), even though the neurological phenotype was similar (see Note added in proof).
Runx3 is a proprioceptive/TrkC neuron-speci®c transcription factor To understand the sensory±motor defect better, we ®rst explored the expression pattern of Runx3 in DRGs. In developing DRGs, Runx3 was ®rst detected at E10.5 in numerous neurons (Figure 2A ). The number of these neurons gradually declined so that at E16.5 signi®cantly fewer Runx3-expressing neurons were present ( Figure 2B ). This developmental pattern is characteristic of neurons subserving proprioception (McMahon et al., 1994; Phillips and Armanini, 1996; Farinas et al., 1998) , as further demonstrated by co-expression of Runx3 with the proprioceptive markers TrkC and parvalbumin (PV) (Mu et al., 1993; Honda, 1995) (Figure 2 ). Early in development, Runx3 was co-localized with TrkC (e.g. E12.5 in Figure 2C ; data not shown), and later also with PV [e.g. postnatal day zero (P0); Figure 2D ; data not shown]. No co-expression of Runx3 with either the close family member Runx1 or with TrkB was detected (Figure 2E and F) . Notably, Runx3 expression was not detected in other constituents of the monosynaptic stretch re¯ex arc, the motoneurons and muscle spindles (not shown). These Runx3 transcriptionally regulates neurogenesis in DRG ®ndings de®ned Runx3 as an early neurogenic and proprioceptive-speci®c transcription factor.
Of note, Runx1 expression in the DRGs started later than that of Runx3 (i.e. not seen at E10.5) and was con®ned to numerous small-diameter neurons, consistent with nociceptive TrkA-positive neurons. Figure 2G and H depicts a similar pattern of expression of Runx1 and TrkA, suggesting co-localization.
Lack of monosynaptic connectivity between Ia afferents and motoneurons in Runx3 KO mice To gain insight into the physiology of the Runx3 KO defect, we measured the synaptic transmission between dorsal root afferents and alpha motoneurons in spinal cord preparations from newborn KO and control (both WT and heterozygotes) littermate mice. Electrophysiological recordings were made in the L5 ventral root (VR) by stimulation of L5 dorsal root afferents. These electrophysiological recordings showed a short-latency monosynaptic re¯ex in controls, but only a small short-latency ventral root potential (VRP; arrow) in KO mice ( Figure 3A ). This undersized VRP was followed by a substantial long-latency polysynaptic VRP.
Simultaneous L5 VR and intracellular (IC) recordings of postsynaptic potentials (PSPs), upon graded stimulation of L5 dorsal root afferents ( Figure 3B ), revealed a signi®cant short-latency PSPs in control but not in KO mice (arrow). Higher stimulation intensities elicited shortlatency and time-locked re¯ex in controls, whereas in the KO mice a longer-latency PSP was produced. This PSP failed to induce a time-locked re¯ex ( Figure 3B ), but led to scattered motoneuron ®ring ( Figure 3C ).
The monosynaptic connectivity onto control and KO motoneurons was quanti®ed by measuring the latency, amplitude and time to peak of the ®rst detectable component of the PSPs (explained in Figure 3D ). The results of these measurements (19 control and 23 KO motoneurons, in three and four preparations, respectively) are shown in Figure 3E . The earliest detectable PSP component in WT motoneurons is produced by activation of monosynaptic excitatory input (Lev-Tov and Pinco, 1992; Pinco and Lev-Tov, 1993; Seebach and Mendell, 1996; Li and Burke, 2001 ). Therefore, we used the observed latency range (4±8 ms) to classify monosynaptic excitatory postsynaptic potentials (EPSPs). Using this criterion, monosynaptic EPSPs were absent in 78% of the KO motoneurons. When EPSPs were present (in 22%), they exhibited very low amplitude (1.07 T 0.74 mV), insuf®cient to elicit a monosynaptic re¯ex. In the majority of KO motoneurons, the ®rst PSP component had a long latency (mean = 11.2 T 1.8 ms) and extremely variable time to peak (between 2.6 and 22.4 ms, mean = 8.5 T 6.6 ms), indicating the polysynaptic nature of the PSPs. Together, these data show that functional monosynaptic connectivity between Ia afferents and segmental alpha motoneurons in Runx3 KO was completely lost.
Spinal Ia afferents are absent in Runx3 KO mice The Ia neurons are de®ned by their ability to form connections with both myo®bers and motoneurons. To assess the anatomical basis of the defect in synaptic connectivity, we examined the organization of intraspinal DRG projections in both control and Runx3 KO mice. We used anterograde 1,1¢-dioctadecyl-3,3,3¢,3¢-tetramethylindocarbocyanine perchlorate (DiI) labeling and immunostaining for PV to analyze the projections of DRG axons at P0 (Figure 4 ). Examination of dorsal horn laminae I±IV ( Figure 4A and D) revealed heavy DiI labeling in both control and Runx3 KO mice. However, in Runx3 KO mice, complete loss was observed in Ia afferent projections to lamina IX of the ventral horn, where Ia afferents normally synapse with motoneurons ( Figure 4B and C). The similar DiI labeling in laminae I±IV of control and KO mice suggested that intraspinal projections of TrkA and TrkB neurons were not affected in the KO mice, consistent with the TrkC neuron speci®city of Runx3.
The absence in the KO of spinal Ia afferent projections could be better appreciated by immunostaining of ®bers for the proprioceptive-speci®c marker PV. Comparison of PV immunoreactive ®bers in P0 control and Runx3 KO mice revealed a profound loss of ®bers in the spinal gray matter of the KO mice ( Figure 4E and F) . Of note, PVpositive ®bers were also absent in spinal cord of E16.5 KO mice (not shown). DiI labeling and PV immunostaining further disclosed a difference in the territory of the dorsal gray matter between control and Runx3 KO mice. In KO mice, the dorsal horn extended further medially than in controls (Figure 4B and C, E and F) . This difference may stem from changes documented below within the white matter of the dorsal columns. These data together indicate a severe loss of proprioceptive-afferent projections in the spinal cord of the Runx3 KO mice, consistent with the electrophysiologically documented loss of monosynaptic connectivity.
Reduced number of large-diameter axons in dorsal roots and dorsal columns of Runx3 KO mice The central projections of DRG proprioceptive neurons reach the spinal cord via the dorsal roots. These largediameter axons are heavily myelinated by P30 (Willis and Coggeshall, 1991) . To evaluate changes in axonal size, the mean diameter of ®bers was measured in cross-sections of dorsal roots of P0 and P30±P53 mice. At P0, the axons are still unmyelinated and were therefore visualized by electron microscopy. At this age, the majority of large axons in WT mice had a diameter between 1 and 1.2 mm ( Figure 5AI ), whereas in KO, the diameters of most axons were between 0.6 and 1 mm (p < 0.002), indicating a signi®cant loss of large-diameter ®bers (>1 mm). Consistent with this, the total number of myelinated axons in dorsal root was reduced by 44% in P30±P53 KO mice (WT: 2357 T 420; KO: 1337 T 327; two-tailed p = 0.0143, t-test) ( Figure 5AII ), and the cross-sectional area of the dorsal root in the KO was~62% smaller (59 688 T 20 892 mm 2 in controls and 23 004 T 9208 mm 2 in KO mice; two-tailed p < 0.024, t-test).
The de®cit in proprioceptive-afferent projections was also detected in the dorsal columns of KO mice. Collateral branches of proprioceptive ®bers ascend to the medulla in the gracile and cuneate fascicles of the dorsal column. In P30 KO mice, the dorsal columns were narrower than in WT ( Figure 4G and H), and their cross-sectional area was reduced by 39% (WT: 290 673 T 1254 mm 2 , n = 9; KO: 177 698 T 793 mm 2 , n = 8; two-tailed p < 0.0001, t-test). The KO value was corrected with consideration given to the 21% smaller size of the spinal cord. Severe depletion of large-diameter ®bers was evident in this area ( Figure 4I and J). Consequently, the gray matter of the dorsal horn extended bilaterally closer to the midline in KO mice. In contrast, the surface area of the cortico-spinal tract was unchanged. Taken together, these data indicate that, in the absence of Runx3, the number of large-diameter Ia ®bers in dorsal roots and dorsal columns is diminished, leading to a marked reduction in the cross-sectional area of dorsal roots and dorsal columns. These results are consistent with the DiI labeling and PV immunostaining studies on the intraspinal distribution of proprioceptive projections.
Limb muscle spindles are missing in Runx3 KO mice To assess whether in Runx3 KO mice the peripheral Ia processes reach their peripheral target, we analyzed the Measurements of the latency (Lat.), ®rst detectable peak (1st peak, arrow) and time to the ®rst peak (T-1st peak) of a 20-sweep computer-averaged control PSP. Dashed lines mark the stimulus artifact, the beginning of the PSP and the occurrence of its peak. (E) Interrelationship between the latency, peak and time to peak of the ®rst detectable PSP component in control and KO motoneurons. Afferent stimulation intensity (1.3±1.5T) was adjusted to obtain the maximal possible subthreshold PSP. Measurements were taken from computer-averaged records (20±40 sweeps each). Oneway ANOVA followed by the modi®ed Tukey's method for multiple comparisons a = 0.05) was used to compare the means of each of the measured parameters of control EPSPs, Runx3 KO EPSPs and the longer latency Runx3 KO PSPs. These analyses revealed that the amplitude of Runx3 KO EPSPs was much smaller than that of control EPSPs and Runx3 KO PSPs (p < 0.001); that the time to peak of Runx3 KO PSPs was signi®cantly longer than control and Runx3 KO EPSPs (p < 0.05); and that the latency of Runx3 KO PSPs was signi®cantly longer compared with control and Runx3 KO EPSPs (p < 0.001).
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presence of muscle spindles in adult mice. Peripherally, the Ia sensory neurons innervate muscle spindles, which, in the mouse, are formed during E14.5±15.5 at the site of interaction between the Ia afferents and a speci®c subset of myotubes (Kucera et al., 1995) . Examination in WT and KO mice of multiple appendicular muscles, such as the soleus, cranial tibial and medial gastrocnemius, revealed a complete absence of muscle spindles in KO ( Figure 5BI and II). Structures representing abnormal and/or degenerate muscle spindles were not identi®ed.
In addition to DRGs, Runx3 is expressed in cranial ganglia (Levanon et al., 2001a) . Therefore, it was interesting to observe that, in contrast to the appendicular muscles, the number of spindles in jaw-closing muscles and other head muscles of WT and Runx3 KO mice was apparently similar (~40 spindles in 15 serial slides with 120 mm interval taken at the level of the eyes of P42 mice; Figure 5BIII and IV). We conclude that the absence of Runx3 is associated with a distinct loss of limb muscle spindles.
Markers of proprioceptive neurons are diminished in Runx3 KO DRGs
Trk receptors are known to play a pivotal role in growth and survival of sensory neurons (Barbacid, 1994 (Barbacid, , 1995 . We examined the effect of the absence of Runx3 on TrkC expression in DRGs and trigeminal ganglia. In agreement with previous reports (Phillips and Armanini, 1996; Farinas et al., 1998) , TrkC expression was detected in WT mice at E10.5, early after the formation of DRGs ( Figure 6AI ). At this stage, a much lower level of expression was detected in KO mice, albeit ®bers were clearly stained ( Figure 6AII) . The difference between WT and KO in the intensity of TrkC immunostaining increased during development ( Figure 6AIII and IV). By E13.5, immunostaining was completely abolished in KO cervical DRGs and ®bers ( Figure 6AV and VI) and was very low, compared with WT, in the sacral DRGs (not shown). In WT, Runx3 is expressed in cranial ganglia as early as E10.5 (Levanon et al., 2001a) . We therefore examined expression of TrkC in the trigeminal ganglion. Similar to DRG, TrkC was detected in the trigeminal ganglion of KO mice at E10.5, but was absent at E11.5 ( Figure 6AVII±X ).
We next examined the expression of the proprioceptivespeci®c marker PV. As was noted above, in WT P0 mice, PV immunostaining was detected in most of the Runx3-expressing cells ( Figures 2D and 6BI) , whereas in the KO mice the number of PV-positive neurons was markedly decreased ( Figure 6BII ). The Ets transcription factor Er81 is expressed in TrkC-positive as well as in other DRG neurons (Arber et al., 2000) . Mice lacking Er81 develop limb ataxia due to failure of group Ia proprioceptive afferents to form a discrete termination zone in the ventral spinal cord (Arber et al., 2000) . In developing DRGs, Er81 is expressed from E13.0 (Arber et al., 2000) and can thus serve as an additional marker of Ia neurons. At E13.5, a marked reduction in Er81-expressing neurons was observed in Runx3 KO, as compared with WT mice (Figure 6CI and II). At P10, on the other hand, the number of Er81-expressing cells in the KO DRGs seemed to increase, but was con®ned to a subpopulation of smalldiameter neurons ( Figure 6CIII and IV) . Signi®cantly, markers of other classes of DRG neurons, such as TrkA, TrkB and Runx1, were expressed at comparable levels in WT and Runx3 KO mice ( Figure 6DI±IV ). These data indicate that, in the KO mice, the absence of Runx3 was associated with diminished expression of several proprioceptive neuron-speci®c markers, whereas markers of other neuronal classes remained intact.
Loss of DRG neurons in Runx3 KO mice
The diminished expression of proprioceptive markers (TrkC, PV and Er81) in the KO DRGs indicated a loss of proprioceptive neurons. Quantitative analysis of L5 DRGs in eight control and seven KO P0 mice revealed a 26% (two-tailed p = 0.0119, t-test) and 76% (two-tailed p = 0.003, t-test) reduction in the total number of neurons and in the number of large-diameter (>20 mm) neurons, respectively ( Figure 7AI ). Consistent with this, the volume Runx3 transcriptionally regulates neurogenesis in DRG of KO DRGs was 32% (two-tailed p = 0.0057, t-test) smaller than that of control DRGs ( Figure 7AII) .
To follow the survival of Runx3-expressing neurons in KO mice, we analyzed expression of the Runx3-LacZ allele. Throughout embryonic development, the number of Runx3-positive DRG proprioceptive neurons, as monitored by X-gal staining, was much lower in homozygous KO mice than in heterozygotes. Beginning with E12.5, the earliest time detected, a marked reduction in LacZ expression was noticed in KO DRGs. The variance between heterozygotes and homozygotes was highly signi®cant at E13.5 ( Figure 7BI and II) , and by E18.5 only a few X-gal-positive neurons were present in the cervical and lumbar homozygous DRGs (Figure 7BIII and IV; data not shown). Of note, the residual X-gal-positive neurons seen in sacral DRGs of E13.5 KO mice ( Figure 7BII ) were lost at E18.5 (data not shown), consistent with the rostro-caudal pattern of development. Conversely, in the trigeminal ganglion of homozygotes, the intensity of X-gal staining was maintained, and even increased, due to homozygosity of the LacZ allele ( Figure 7BV and VI) . Taken together, these data show that lack of Runx3 leads to a loss of DRG proprioceptive neurons, re¯ected by a reduced number of neurons and diminished X-gal-positive cells. On the other hand, TrkC neurons in trigeminal ganglia of the KO survived.
Discussion
In these studies, we demonstrate that Runx3 plays an essential role in the development and survival of DRG proprioceptive neurons; in the absence of Runx3, the sensory elements of the stretch re¯ex arc are disrupted, resulting in severe ataxia. The data provide a strong indication that a marked loss of proprioceptive neurons occurred in the KO DRGs, demonstrated by the complete loss of functional monosynaptic connectivity between dorsal root afferents and segmental alpha motoneurons, the absence of intraspinal Ia afferent projections, the reduced number of large-diameter Ia ®bers in the dorsal roots and columns, and the lack of muscle spindles that require Ia afferents for assembly. The reduced number of DRG neurons in the KO, the lower volume of KO DRGs, and the loss of TrkC-, PV-and b-galactosidase (gal)-positive neurons further support this conclusion. Runx3 protein in DRGs was ®rst detected at E10.5, at a stage when low levels of TrkC were still detected in KO DRGs. Thus, the most logical explanation for the above ®ndings is that, in the absence of Runx3, Ia neurons are generated, but do not survive long enough to extend their axons toward target cells, leading to lack of synaptic connectivity and ataxia.
Among the various constituents of the stretch re¯ex arc, Runx3 expression is con®ned to the proprioceptive TrkC neurons, providing the ®rst example of a neurogenic transcription factor speci®c to proprioceptive TrkC neurons (Anderson, 1999) . Its distinct speci®city and early onset of expression delineate Runx3 as a key regulator in the transcriptional cascade of proprioceptive TrkC neurogenesis. It was previously shown that the POU domain transcription factor Brn3a controls the neurogenesis of cranial and dorsal root ganglia neurons by regulating expression of the Trk receptors (McEvilly et al., 1996; Huang et al., 1999) as well as of other, yet to be identi®ed, downstream genes . Since both Runx3 and Runx1 genes contain Brn3a binding sites in their 5¢-upstream regions (Bangsow et al., 2001; Levanon et al., 2001b) , it is tempting to speculate that Runx3 and Runx1 are downstream targets of Brn3a.
TrkC and NT-3 are essential for neurogenesis and survival of proprioceptive neurons (Barbacid, 1994 (Barbacid, , 1995 Silos-Santiago et al., 1995; . The anatomical and physiological manifestations of Runx3 KO resemble those of TrkC-mutant mice (Barbacid, 1994; Farinas, 1999; . This, along with the early loss of TrkC expression in DRGs and trigeminal ganglia of Runx3 KO mice, may suggest that Runx3 is a positive regulator of TrkC expression. Runx3 may modulate TrkC transcription directly by binding to the RUNX/AML sites in the TrkC promoter (Ichaso et al., 1998) or indirectly through Gro/TLE-dependent repression of a negative regulator (Levanon et al., 1998) . Other proprioceptive neuron-speci®c genes may require collaborations between Er81 and Runx3 for their expression (Giese et al., 1995; Ito, 1999; Arber et al., 2000; Gu et al., 2000) .
In addition to its expression in DRGs, Runx3 is also highly expressed in trigeminal ganglia. Interestingly, however, TrkC neurons in these ganglia responded differently to lack of Runx3. Although TrkC levels were reduced in both DRGs and trigeminal ganglia of the KO mice, X-gal staining was reduced only in the KO DRGs. Such discrepancy in the response of DRG and trigeminal TrkC neurons was also noticed in Brn-3a KO mice . A differential effect on muscle spindles was also observed. In Runx3 KO mice, muscle spindles are retained in head musculature, in contrast to their absence from the rest of the body. A similar ®nding was previously reported for TrkC KO mice (Matsuo et al., 2000) . Of note, in TrkC KO and in NT-3 KO mice, part of the trigeminal MesV neurons survive (Ernfors et al., 1994; Matsuo et al., 2000) . This correlates with the presence of head muscle spindles in TrkC KO mice and may explain their survival in the absence of Runx3.
Based on sequence analysis, we previously proposed that RUNX3/Runx3 is the evolutionary founder of the mammalian RUNX family (Bangsow et al., 2001) . Similarly, TrkC may be considered as the ancestor of the Trk gene family (van Kesteren et al., 1998; Hallbook, 1999) . Thus, it is interesting to note that both TrkC and Runx3 function in the development of the monosynaptic re¯ex arc, the simplest neuronal information-response circuit.
Materials and methods
Gene targeting R1 ES cells (Nagy and Rossant, 1993) were transfected with a Runx3 targeting vector made using a genomic Runx3 clone derived from a 129/ Sv library (Figure 1) . The LacZ-Neo selection cassette (Otto et al., 1997) was inserted into exon 2 downstream of the ATG and was¯anked by 2.8 and 1.8 kb of upstream and downstream regions, respectively. Homologous recombinants were evaluated by Southern analysis, using probes from upstream of the 5¢ arm and downstream of the 3¢ arm of the targeting vector (Figure 1) . Targeted ES cells were used to create several chimeras that passed the mutation onto their progeny. All mice were bred and maintained in a pathogen-free facility.
Electrophysiology
Spinal cord preparations were isolated from 3-to 5-day-old mice of MF1 or ICR background (homozygotes = KO; heterozygotes and WT = control), as previously described for the neonatal rat spinal cord (Pinco and Lev-Tov, 1993; Kremer and Lev-Tov, 1997) . Stimulation of afferents, IC recordings from motoneurons and suction electrode recordings from axon bundles in the respective ventral roots (VRP recordings) were performed as described in Lev-Tov and Pinco (1992) and Pinco and Lev-Tov (1993) . The NMDA receptor blocker 2-amino-5-phosphonovaleric acid (AP5; 100 mM) was added to the bath to reduce both spontaneous and some of the stimulus-evoked polysynaptic activity (Pinco and Lev-Tov, 1993; Li and Burke, 2001) . Under these conditions, stimulus-evoked, non-NMDA receptor-mediated polysynaptic activity was obtained by increasing the intensity of afferent stimulation (Pinco and Lev-Tov, 1993) . Data acquisition and analyses were performed as described previously (Pinco and Lev-Tov, 1993; Kremer and Lev-Tov, 1997) .
Immunohistochemistry, histology and morphometry Embryos from timed pregnancies (the morning of the plug was considered as E0.5) were collected, ®xed and sectioned (paraf®n, 4 mm; cryostat, 12 mm;¯oating, 16 mm). Antibodies used included af®nity-puri®ed rabbit anti-RUNX1 (1:100), rabbit anti-RUNX3 (1:1000) (Levanon et al., 2001a) , guinea pig anti-RUNX3 (1:1000), rabbit antiTrkA (1:1000), chicken anti-TrkB (1:1000), goat anti-TrkC (1:250) (Farinas et al., 1998) , rabbit anti-PV (1:5000 for DRG neurons and 1:1000 for afferents; Swant, Switzerland) and rabbit anti-Er81 (1:10 000) (Arber et al., 2000) . Primary antibodies were used in a blocking solution containing 0.5% Triton X-100 and 3% normal serum from host species of the secondary antibody, in PBS. Biotinylated secondary antibodies and the ABC complex from the Vectastain kit (Vector Laboratories, Burlingame, CA) were used for detection. Alternatively,¯uorophore-conjugated secondary antibodies were used (1:200±1:400; Molecular Probes).
Image-Pro Plus 4.1 was used in morphometric analysis. For neuronal counts, serial paraf®n sections were stained with Nissl and neurons containing a nucleus with nucleoli were counted in every ®fth section. Numbers were corrected to avoid double counting. The number of large neurons (mean diameter b 20 mm) was similarly determined and total DRG volume was calculated from the measured cross-sectional area.
P30 and P53 C7±8 dorsal roots and C2 dorsal columns were ®xed with 4% paraformaldehyde/2.5% glutaraldehyde, embedded in epon, trimmed at 1 mm, stained with Toluidine Blue and evaluated by light microscopy. P0 L5 DR were processed for electron microscopy. The mean diameter of large ®bers (>0.4 mm) was measured in 30±70 ®elds on transverse ultrathin sections at 13 500Q magni®cation.
Muscle spindles were examined in serial sections of epon-embedded (P30 and P53; KO = 2, WT = 2) and paraf®n-embedded (P42; KO = 4, WT = 4) soleus muscle, hindlimbs at the level of the tibia (P10; KO = 2, WT = 2), transverse sections of the skull (P42; KO = 2, WT = 2) and epon-embedded super®cial masseter muscle (P53; KO = 1, WT = 1).
DiI tracing
The vertebral columns of P0 pups (®ve homozygotes, three heterozygotes and two WT of MF1 or ICR background) were isolated and ®xed in 4% paraformaldehyde in PBS. DiI (Molecular Probes) crystals were applied onto DRG at the L3, L4 and L5 levels, and preparations were kept in 4% PFA at 42°C for 7 days. Vibratome cross-sections (70 mm) of L3±L5 spinal cord were analyzed for DiI¯uorescence using a microscope with a rhodamine ®lter.
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Supplementary data are available at The EMBO Journal Online.
